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Surface plasmon resonance (SPR) has been intensively studied and widely employed for light trapping and absorption enhance-
ment. In the mid-infrared and terahertz (THz) regime, graphene supports the tunable SPR via manipulating its Fermi energy
and enhances light-matter interaction at the selective wavelength. In this work, periodic arrays of graphene rings are proposed
to introduce tunable light trapping with good angle polarization tolerance and enhance the absorption in the light-absorbing
materials nearby to more than one order. Moreover, the design principle here could be set as a template to achieve multi-band
plasmonic absorption enhancement by introducing more graphene concentric rings into each unit cell. This work not only opens
up new ways of employing graphene SPR, but also leads to practical applications in high-performance simultaneous multi-color
photodetection with high efficiency and tunable spectral selectivity.
1 Introduction
In recent years, the light absorption has demonstrated a va-
riety of optoelectronic applications in photovoltaic cells1–3,
spatial light modulation4,5, ultrasensitive biosensing6–9, pho-
tocatalytic reaction10–13 and photodetection14–16. The extinc-
tion of the light-absorbing semiconductors employed in these
devices is expected to be high enough to guarantee sufficient
light absorption. On the other hand, there is also urgent need
to reduce the thickness and volume of them to decrease the
resource consumption, reduce the material deposition require-
ment, and improve the integrability, which also inevitably
weaken the interaction between light and the semiconduc-
tors17,18. Moreover, the emergency of two-dimensional (2D)
materials with unique properties has stimulated great interests
in scientific studies and technological developments19–24, but
the innate atomic thickness greatly hampers the utilization of
light25,26. As a result, enhancing the light absorption in the
above-mentioned semiconductors and 2D materials to satisfy
the requirements of practical applications, especially of some
light-driven-related applications such as photodetection, has
become of increasing importance. Surface plasmonic reso-
nance (SPR), the collective electronic excitation at the inter-
face between a metal and a dielectric medium, has been in-
troduced as one of the most widely used approaches to en-
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hance the light absorption for it can strongly couple to the
incidence light and lead to efficient light trapping and absorp-
tion enhancement in the subwavelength scale structure27–30.
Based on this, a range of plasmonic structures such as metal
strip31–33, disk34,35, ring36,37, cross38 and other shapes39,40
have been proposed to integrate with the light-absorbing ma-
terials to improve their absorption performances. However,
the spectral responses of these metal SPRs are dominated by
the geometric parameters, and the operation wavelength will
be unchangeable once these devices are manufactured, which
still restricts flexible applications in practice.
Graphene is a monolayer carbon material that has become
a promising building block in the state of the art technology
due to its remarkable mechanical, thermal and electromag-
netic properties41–44. As a typical example of 2D materials,
the interaction between light and graphene is quite weak and
a single sheet of graphene can absorb only 2.3% energy of the
incidence light in the visible and near infrared. Unlike other
2D materials, graphene itself behaves like metals when cou-
pling with the incidence light and supports SPR in the mid-
infrared and terahertz (THz) region, therefore benefits to light
trapping and absorption enhancement45–47. Moreover, com-
pared with metal structure, the continuously tunable surface
conductivity of graphene via manipulating its Fermi energy by
electric gating or chemical doping enable dynamically tunable
resonance48–52, which can be used to amplify the photore-
sponse to the incidence light at the selective wavelength, mak-
ing it possible for highly accurate photodetection53. Tunable
single-54, dual-55 and multi-band56 absorption enhancement
with graphene plasmonics have been realized and even per-
fect absorption also achieved with graphene absorber backed
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by a gold mirror57–59. However, most of these previous works
concentrated on the absorption enhancement in graphene it-
self while little attention has been paid to trap light and en-
hance the light absorption in other light-absorbing materials
with graphene SPR.
To demonstrate this kind of use of graphene SPR, a simu-
lation study on tunable light trapping and absorption enhance-
ment has been systematically conducted in this work with a
hybrid periodic array composed of a graphene ring on the top
of the light-absorbing materials (thin film semiconductor or
2D material) separated by an insulating layer. Graphene ring
shows good operation angle polarization tolerance due to its
high symmetry, and it possesses the advantage of more free ge-
ometric parameters compared with disk60,61. The simulation
results show that the excitations of SPR in the graphene ring
trap a sizable part of the incidence light and significantly en-
hance the light absorption in surrounding absorbing materials.
With manipulating the Fermi energy of graphene and adjust-
ing the geometric parameters, the absorption could be modu-
lated over a large range. In addition, our proposed structure
leaves room for introducing more graphene rings into the unit
cell to form multiple resonating structure, and consequently
enables dynamically tunable multi-band absorption enhance-
ment in the below light-absorbing materials, which is consid-
ered to play a significant role in the simultaneous multi-color
photodetection with high efficiency and tunable spectral selec-
tivity.
2 The geometric structure and numerical
model
The schematic geometry of our proposed structure is shown in
Figure 1. The unit cell is arranged in a periodic array with a
lattice constant P = 300 nm and composed of a graphene ring
on the top of the absorbing layer separated by an insulating
layer. R = 75 nm is the radius of the graphene ring with a
width W = 30 nm and the effective thickness is set as tg = 1
nm. The thicknesses of the insulating layer and the absorbing
layer are ti = 20 nm and ta = 100 nm, and the substrate is as-
sumed to be semi-infinite. Both the insulating layer and the
substrate are considered as lossless dielectric with a real per-
mittivity of εd = 1.96. Comparable with some typical materi-
als employed for photodetection in the mid-infrared and THz
regime such as HgCdTe (MCT)62, the absorbing layer is mod-
eled as thin film semiconductor through a complex permitivity
of εa = ε
′
+ iε ′′ , where ε ′ = 10.9 and ε ′′ is related to the at-
tenuation coefficient α =−(2pi/λ )Im(
√
ε ′ + iε ′′) accounting
for the loss.
Graphene is considered as a 2D material and modeled by the
surface conductivity σg with the random-phase approximation
(RPA) in the local limit, including the intraband and interband
Fig. 1 The schematic geometry of our proposed hybrid periodic
array. Each unit cell is composed of a graphene ring on the top of
the absorbing layer separated by an insulating layer.
transitions63,64
σg = σintra +σinter
=
2e2kBT
pi h¯2
i
ω + iτ−1
ln[2cosh( EF
2kBT
)]
+
e2
4h¯ [
1
2
+
1
pi
arctan(
h¯ω − 2EF
2kBT
)−
i
2pi
ln (h¯ω + 2EF)
2
(h¯ω − 2EF)2 + 4(kBT )2
],
(1)
where e is the charge of an electron, kB is the Boltzmann con-
stant, T is the operation temperature, h¯ is the reduced Planck’s
constant, ω is the angular frequency of the incidence light,
τ is the relaxation time and EF is the Fermi energy. In the
lower THz regime, the interband contributions can be safely
neglected due to the Pauli exclusion principle and therefore the
surface conductivity can be approximated to a Drude model65
σg =
e2EF
pi h¯2
i
ω + iτ−1
, (2)
herein the relaxation time τ = (µEF)/(ev2F) depends on the
the electron mobility µ ≈ 10000 cm2/Vs, the Fermi energy
EF and the Fermi velocity vF ≈ 106 m/s. Furthermore, the
permitivity of graphene can be obtained by49,66
εg = 1+
iσg
ε0ωtg
, (3)
where ε0 is the permittivity of vacuum.
As predicted in the equation (2), the surface conductivity
of graphene can be tuned via manipulating its Fermi energy.
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The optical properties of graphene and thus the performances
of light trapping in our proposed structure can be dynamically
tuned, which can not be realized with metal SPR devices. It
is also noted that the most conventional way to manipulate
the Fermi energy of graphene, i.e., the backgate configuration
would introduce additional electrodes, which makes the fabri-
cation process of the hybrid periodic array much more compli-
cated and is not conducive to practical application. Therefore,
in Figure 2 another two feasible methods of tuning EF are pre-
sented: (a) through a uniform external electric field generated
by either distant gates or low-frequency radiation67,68 and (b)
through the HNO3 vapor made by external heater69,70.
(a) (b)
Fig. 2 Two feasible methods of tuning EF : (a) through a uniform
external electric field~εE and (b) through the HNO3 vapor.
In the initial setup, the attenuation coefficient of the absorb-
ing layer α = −0.1 µm−1 and the Fermi energy of graphene
EF = 0.6 eV are considered, and the influences of them will be
analyzed later. The numerical simulations are conducted using
the finite-difference time-domain method with the commercial
software FDTD Solutions. The anti-symmetric and symmetric
boundary conditions are respectively employed in the x and y
directions throughout the calculations except when studying
the angle polarization tolerance, and perfectly matched lay-
ers are utilized in the z direction along the propagation of the
incidence plane wave.
3 Simulation results and discussions
For the above structure, a typical resonance response to nor-
mal incidence light with transmission suppression and absorp-
tion enhancement is displayed at around 19.6 µm in Figure 3.
The total absorption of this structure is A = 30.8% and the
absorption in the absorbing layer is A′ = 17.4%. Now that
the absorbing layer is set to 100 nm thick with the attenuation
coefficient α =−0.1 µm−1, which corresponds to a weak ab-
sorption of 2% in the impedance matched media, about 8.7
times absorption enhancement in the absorbing layer has been
realized at the resonance.
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Fig. 3 The simulated transmission T , reflection R and absorption A
as well as the absorption in the absorbing layer A′ with the
attenuation coefficient α =−0.1 µm−1 and the Fermi energy of
graphene EF = 0.6 eV. The enhancement factor of absorption in the
absorbing layer is also shown compared to that in the impedance
matched media.
It is not difficult to believe the absorption enhancement
should be ascribed to graphene SPR. The localized collective
electronic excitations strongly couple to and trap the incidence
light and enhance the absorption in the nearby absorbing layer.
To better understand and make use of the absorption band, the
electric field distributions at the resonance are plotted below.
As shown in Figure 4(a), the x-y plane electric field distribu-
(a) (b)
Fig. 4 The simulated electric field distributions (a) in the x-y plane
(|Ez|) and (b) in the x-z cross plane (|Ey|) at the resonance with the
attenuation coefficient α =−0.1 µm−1 and the Fermi energy of
graphene EF = 0.6 eV.
tion (|Ez|) at the resonance shows characteristic behavior of
the electric dipole and is symmetric to the y-axis due to the
x-polarization of the incidence light. Meanwhile, the x-z cross
plane electric field distribution (|Ey|) in Figure 4(b) clearly
represents that the plasmon-induced strong field confinement
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extends to the absorbing layer and enhances the light-matter
interaction.
Theoretically, it has been known that that the effective
wavelength of the above-mentioned dipole resonance is ap-
proximately equal to the circumference of the corresponding
ring
λe f f = 2piR, (4)
and thus the resonance wavelength can be predicted from
λres = λe f f ne f f = 2piRne f f , (5)
where ne f f is the effective refractive index of the ring waveg-
uide. For a graphene ribbon waveguide with the same width
(W = 30 nm), ne f f at difderent Fermi energies ranging from
0.4 eV - 1.2 eV are plotted in Figure 5 with FDTD Solutions.
It can be seen that ne f f is a function of EF , meaning that the
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Fig. 5 The calculated ne f f with the attenuation coefficient
α =−0.1 µm−1 and the Fermi energy of graphene EF ranging from
0.4 to 1.2 eV.
resonance wavelength of our proposed structure can be expe-
diently shifted via manipulating the Fermi energy of graphene,
which lays the direct foundation for the light trapping and ab-
sorption enhancement in the absorbing layer at the selective
wavelength.
As the only two lossy media within the hybrid structure,
there unavoidably exists a competition of absorption between
graphene and the absorbing layer nearby. The attenuation co-
efficient of the low light-absorbing efficiency material, ini-
tially set to α = −0.1 µm−1, plays a dominant role in the
distribution of light absorption. The total absorption A and the
absorption in the absorbing layer A′ are also simulated with
different α in Figure 6. When α = −0.05 µm−1, correspond-
ing to a poor absorption of 1% in the impedance matched me-
dia, the total absorptions increase to 34.6% and the absolute
absorption in the absorbing layer is A′= 13.4% with more than
one order enhancement at the resonance due to the lower ab-
sorption loss of the total structure and the greater quality fac-
tor of the resonance. When α = −0.2 µm−1, corresponding
to about 4% absorption in the impedance matched media, the
total absorptions decrease to A = 27.0% while the absorption
in the absorbing layer is A′ = 20.0%, in which case about five
times enhancement is achieved. It is also noteworthy that ab-
sorption band stays at nearly the same resonance wavelength
in that the variations in the attenuation coefficient α here are
not big enough to bring about visible influences on ne f f .
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(b)
Fig. 6 The simulated absorption A and the absorption in the
absorbing layer A′ with the attenuation coefficient (a) α =−0.05
µm−1 and (b) α =−0.2 µm−1 and the Fermi energy of graphene
EF = 0.6 eV. The enhancement factor of absorption in the absorbing
layer is also shown compared to that in the impedance matched
media.
To analyze the tunable property of the light trapping, the
absorption in the absorbing layer with various Fermi energy
of graphene has been simulated in Figure 7. When the Fermi
energy starting at 0.4 eV, the resonance wavelength is 24.0
4 | 1–9
µm and the absorption is 11.3%. As EF increases to 0.8 eV,
the resonance shifts to 17.1 µm and the absorption goes up
to 22.1% with more than one order absorption enhancement.
Finally while EF comes to 1.2 eV, the resonance absorption
reaches as high as 27.7% at 13.8 µm. The physical mecha-
nism lies in that the conductivity of graphene increases with
EF and thus graphene SPR becomes less lossy, which leads to
more absorption in the absorbing layer. The resonance wave-
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Fig. 7 The simulated absorption in the absorbing layer A′ with the
attenuation coefficient α =−0.1 µm−1 and the Fermi energy of
graphene EF ranging from 0.4 to 1.2 eV. The enhancement factor of
absorption in the absorbing layer is also shown compared to that in
the impedance matched media.
lengths in theoretical analysis (red line) and simulation (green
line) are plotted in Figure 8. One can see the theoretical reso-
nance wavelengths at different Fermi energies, calculated with
the equation (5), follow the fairly similar trend as the sim-
ulation results, though minute differences exist. This could
be because the ne f f was calculated in the graphene ribbon
waveguide, which has some geometric differences with the
ring waveguide in our proposed structure, and the deviation of
ne f f should lead to the deviation of the resonance wavelength.
Considering this, the agreement between theory and simula-
tion is reasonable and could be employed in predicting the res-
onance wavelength of our proposed device for light trapping
and absorption enhancement. As a consequence, photore-
sponse amplification with high efficiency and tunable spectral
selectivity can be achieved with graphene SPR for highly ac-
curate photodetection, which can not be realized with metal
SPR.
Considering the high symmetry of our proposed structure,
the incidence angle and polarization dependence of graphene
ring is expected to be weak. The light absorption properties at
various angle for both TE and TM configurations have been in-
vestigated. As illustrated in Figure 9(a) and (b), the absorption
in the absorbing layer keeps nearly the same for incidence an-
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Fig. 8 The resonance wavelengths in theoretical analysis and
simulation with the attenuation coefficient α =−0.1 µm−1 and the
Fermi energy of graphene EF ranging from 0.4 to 1.2 eV.
gle up to 45 degrees. On the other hand, the resonance wave-
length is only determined by the radius and the Fermi energy
of the graphene ring, indicated by the equation (5), and does
not depend on the incidence angle and polarization, which is
also reflected in the figures. Consequently, the good operation
angle and polarization tolerance of graphene ring will bene-
fit the practical applications in light trapping and absorption
enhancement.
(a) (b)
Fig. 9 The simulated angular dispersions of the absorption in the
absorbing layer with the attenuation coefficient α =−0.1 µm−1 and
the Fermi energy of graphene EF = 0.6 eV for (a) TE and (b) TM
configurations.
In the most recent years, 2D materials have emerged as
promising building blocks in the state of the art optoelectronic
devices among a very wide range of electromagnetic spec-
trum25. Compared with the traditional photonic materials, 2D
materials exhibit a lot of exceptional properties. The quan-
tum confinement in the direction perpendicular to the 2D plane
leads to many novel optical and electronic properties21,71–73,
and the naturally passivated surfaces make them easy to in-
tegrate with photonic structures such as waveguides74,75 and
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cavities76,77. In addition to graphene, a variety of other 2D
materials such as transition metal dichalcogenides have been
employed in photodetection and other optoelectronic applica-
tions78,79. Though possessing very high quantum efficiency
for light-matter interaction, the absorption of these 2D mate-
rials is insufficient in practical devices due to the innate thin-
ness. Therefore, integration with SPR offers an effective solu-
tion for the absorption enhancement and further applications
in photodetection. As shown in Figure 10, the 100 nm thick
absorbing layer is replaced with 2D material, which is mod-
elled as a 1nm thick conductive film with an optical conduc-
tance G0 = 2.65× 10−5 Ω−1, corresponding to an absorption
of about 1% for a free standing film. Similar to that in the
Fig. 10 The schematic geometry of the unit cell composed of a
graphene ring on the top of the absorbing layer separated by an
insulating layer and thin film semiconductor is replaced with 2D
material.
thin film semiconductor, the resonance response is also found
here. Figure 11 plots the absorption enhancement in the 2D
absorbing layer while Fermi energy of graphene varies from
0.4 eV to 1.2 eV in step of 0.2 eV. When EF starting at 0.4
eV, the resonance wavelength locates at 20.5 µm, and the ab-
sorption is 7.9% with an enhancement factor of 7.9. When
EF increases to 0.6 eV, the resonance blue shifts to 16.6 µm
and the absorption goes up to 14.3% with more than one or-
der absorption enhancement. And while EF comes to 1.2 eV,
the absorption reaches as high as 25.2% at 11.7 µm and the
enhancement factor over 25 is obtained at the resonance.
In the above simulations, the geometric parameters of the
hybrid structure are fixed and the tunability is mainly demon-
strated via manipulating the Fermi energy of graphene. In fact,
the light trapping and absorption enhancement could also be
tuned with the geometric variations of the structure (See ESI
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Fig. 11 The simulated absorption in the 2D material A′ with an
optical conductance G0 = 2.65×10−5 Ω−1 and the Fermi energy of
graphene EF ranging from 0.4 to 1.2 eV. The enhancement factor of
absorption in the absorbing layer is also shown compared to that in
the impedance matched media.
Figure S1). It is also noted that the total thickness of the hy-
brid structure is much smaller than the wavelength of the in-
cidence light, in which case the universal maximum absorp-
tion can be evaluated with regarding the whole structure as a
thin film separating two different media (air with the refrac-
tive index of nair = 1 and the substrate with nsub = 1.4), i.e.,
Amax = 41.7%(= 1/(1+ 1.4))80. Perfect light absorption in
the hybrid structure and further absorption enhancement in the
absorbing layer are obtained with a gold mirror (See ESI Fig-
ure S2). Moreover, another major advantage of our proposed
structure lies in that it is straightforward to include more rings
into the unit cell to form a compact structure with multiple
resonances. For example, the light trapping and absorption
enhancement with a pair of graphene concentric rings are stud-
ied. Figure 12 depicts the schematic geometry of the structure
composed of a pair of graphene concentric rings on the top
of the thin film semiconductor separated by a insulating layer.
The inner graphene ring remains as R1 = R = 75 nm and the
outer one is added as R2 = 125 nm, and the attenuation coef-
ficient and other geometric parameters keep the same.
Figure 13 illustrates the absorption in the absorbing layer
at different Fermi energies. The results show that another
absorption band, as expected, appears at longer wavelength,
and when the Fermi energy gets to 1.0 eV, the absorption
goes up to 21.7% at 26.9 µm, which implies more than one
order absorption enhancement is achieved simultaneously at
both resonances. More interesting, for each absorption band
at shorter wavelength, the absorption keeps nearly the same
strength and the resonance wavelength stays nearly the same
position as with single graphene ring, which suggest each res-
onance could be approximated to individual dipole response
6 | 1–9
Fig. 12 The schematic geometry of the unit cell composed of a pair
of graphene concentric rings on the top of the absorbing layer
separated by an insulating layer.
of the corresponding graphene ring. To confirm this, the x-
y plane electric field distribution (|Ez|) and the x-z cross plane
electric field distribution (|Ey|) with the attenuation coefficient
α = −0.1 µm−1 and the Fermi energy of graphene EF = 0.6
eV at the resonances are presented in Figure 14. One can tell
the electric field mainly concentrates in either inner or outer
ring and the mutual couplings between them are rather weak.
Therefore, the design principle here could be safely set as a
template to achieve tunable multiband plasmonic absorption
enhancement in the below light-absorbing materials, and con-
sequently meets the urgent need for the simultaneous multi-
color photodetection with high efficiency and tunable spectral
selectivity.
4 Conclusions
To conclude, tunable light trapping and absorption enhance-
ment have been numerically investigated in a hybrid periodic
array composed of a graphene ring on the top of the absorbing
layer separated by an insulating layer. It is found that the ex-
citations of localized collective electrons in graphene strongly
couple to and trap the incidence light in the near-field, and sig-
nificantly enhance the absorption in the light-absorbing mate-
rials (thin film semiconductor or 2D material) to more than
one order at the resonance. Compared with the traditional
noble metal plasmonic devices, the absorption enhancement
here can be dynamically tuned via manipulating the Fermi en-
ergy of graphene over such a large range, thus enables tun-
able photodetection and other optoelectronic applications in
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Fig. 13 The simulated absorption in the absorbing layer A′ with the
attenuation coefficient α =−0.1 µm−1 and the Fermi energy of
graphene EF ranging from 0.4 to 1.2 eV. The enhancement factor of
absorption in the absorbing layer is also shown compared to that in
the impedance matched media.
(a) (b)
(c) (d)
Fig. 14 The simulated electric field distributions (a)-(b) in the x-y
plane (|Ez|) and (c)-(d) in the x-z cross plane (|Ey|) at the resonances
with the attenuation coefficient α =−0.1 µm−1 and the Fermi
energy of graphene EF = 0.6 eV.
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the mid-infrared and THz regime. As an extension, our pro-
posed structure leaves room for introducing more graphene
concentric rings to the unit cell to achieve multi-band absorp-
tion enhancement, therefore lays the foundation for simulta-
neous photodetection at multiple wavelengths with high effi-
ciency and tunable spectral selectivity.
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Electronic Supplementary Information - Tunable light
trapping and absorption enhancement with graphene
ring arrays
Shuyuan Xiao,a Tao Wang,∗ a Yuebo Liu,b Chen Xu,c Xu Han,a and Xicheng Yana
The light trapping and absorption enhancement could also be tuned with the geometric variations of the
structure in addition to manipulating the Fermi energy of graphene. In Figure S1 (a) and (b), the dependences
of absorption in the absorbing layer on the radius and the width of the graphene ring are respectively presented.
As the radius increases from R = 65 nm to R = 85 nm, the resonance undergoes a redshift from 16.7 µm to
21.8 µm, which agrees with the prediction from the equation (5). Meanwhile the absorption in the absorbing
layer increases from A′ = 16.4% to A′ = 18.4% due to the increasing filling factor of graphene, and for the same
reason, the similar increment in absorption from A′ = 15.6% to A′ = 18.3% can be observed with the increase
of the width from W = 25 nm to W = 35 nm.
The basic idea of the perfect light absorption is to minimize the reflection through impedance matching and
simultaneously eliminate the transmission by maximizing the losses. To these ends, a newly added insulating
layer and a gold mirror are introduced at the bottom of the original structure, as schematically shown in Figure
S2 (a). The thickness of this insulating layer is set to t′i = 3 µm and the permittivity is εd = 1.96, while the gold
mirror is treated as 200-nm-thick film and the permittivity is described by the Drude model with the plasma
frequency ωpl = 1.37× 10
16s−1 and the damping constant ωc = 1.23× 10
14s−1, which is three times larger than
the bulk value due to the surface scattering and grain boundary effects in thin films. In Figure S2 (b), perfect
light absorption (99%) in the hybrid structure is obtained at 20.0 µm, where the absorption in the absorbing
layer reaches as high as 55.2% with an enhancement factor of 27.6.
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Republic of China. E-mail: wangtao@hust.edu.cn
b School of Information and Optoelectronic Science and Engineering, South China Normal University, Guangzhou 510006,
People’s Republic of China
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Figure S1: The simulated absorption in the absorbing layer A′ with the attenuation coefficient α = −0.1 µm−1,
the Fermi energy of graphene EF = 0.6 eV and (a) the radius of graphene ring R ranging from 65 to 85 nm and
(b) the width of the graphene ring W ranging from 25 to 35 nm. The enhancement factor of absorption in the
absorbing layer is also shown compared to that in the impedance matched media.
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Figure S2: Perfect light absorption in the hybrid structure and further absorption enhancement in the absorbing
layer with a gold mirror. (a) The schematic geometry of the unit cell backed by a gold mirror and (b) the
simulated absorption A and the absorption in the absorbing layer A′ with the attenuation coefficient α = −0.1
µm−1 and the Fermi energy of graphene EF = 0.6 eV. The enhancement factor of absorption in the absorbing
layer is also shown compared to that in the impedance matched media.
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